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X-ray free-electron laser oscillator (XFELO) is expected to be a cutting edge tool for fully coherent
X-ray laser generation, and undulator taper technique is well-known for considerably increasing the
efficiency of free-electron lasers (FELs). In order to combine the advantages of these two schemes,
FEL amplifier seeded by XFELO is proposed by simply using a chirped electron beam. With the
right choice of the beam parameters, the bunch tail is within the gain bandwidth of XFELO, and
lase to saturation, which will be served as a seeding for further amplification. Meanwhile, the
bunch head which is outside the gain bandwidth of XFELO, is preserved and used in the following
FEL amplifier. It is found that the natural “double-horn” beam current as well as residual energy
chirp from chicane compressor are quite suitable for the new scheme. Inheriting the advantages
from XFELO seeding and undulator tapering, it is feasible to generate nearly terawatt level, fully
coherent X-ray pulses with unprecedented shot-to-shot stability, which might open up new scientific
opportunities in various research fields.
PACS numbers: 41.60.Cr
I. INTRODUCTION
The successful operation of self-amplified spontaneous
emission (SASE) [1, 2] X-ray free electron lasers (XFEL)
[3–6] around the world offer innovative approach for
studying various objects such as nonlinear spectroscopy,
diffraction before destruction, time-resolved pump-probe
dynamics and coherent scattering [7]. Starting from ini-
tial electron beam density distribution shot noise, SASE
is able to produce spatially coherent short wavelength
radiation pulse with GW level peak power and around
100 fs pulse duration. In order to increase the resolution
of X-ray imaging experiments [8, 9], one major goal for
the future XFEL is to further enhance peak power and
photon flux. Sustainable energy extraction from electron
beam to radiation field is guaranteed by resonant condi-
tion in FEL process. Saturation occurs for normal planar
undulator when electron beams loss too much energy and
drop out of resonance with wave. To further extract en-
ergy and increase radiation peak power to TW level, the
resonant condition should be preserved and undulator pa-
rameters ought to be precisely optimized to compensate
the electron beam energy loss [10]. Lots of efforts have
been made to improve the energy extraction efficiency
in the last decades [11, 12], and the tapering technique
has proved to be feasible to improve energy extraction
efficiency in long wavelength regions, i.e., microwave ra-
diation and visible light regime [13, 14]. However, it is
predicted that tapered undulator technique is sensitive to
shot-to-shot fluctuation and poor temporal coherence of
SASE [15, 16], thus effectively enhancing XFEL output
power by tapered undulator is still challenging.
Improving the longitudinal coherence of X-ray FEL is
of great interest ever since the first light of Linac Co-
∗ denghaixiao@sinap.ac.cn
herent Light Source. Modifications to SASE, e.g., self-
seeding [17, 18] and slippage-boosted methods [19–21],
have been proposed to achieve this goal. Self-seeding
takes advantages of monochromator to obtain a coher-
ent seed from SASE which is amplified in downstream
undulator. Although self-seeding has been successfully
demonstrated to improve the longitudinal coherence, the
intrinsic fluctuation of purified seeding is a great chal-
lenge. Other methods of increasing the coherent length
by speeding up the slippage in undulators, however, will
still suffer from large shot-to-shot fluctuations. In addi-
tion, for external-seeding technique [22–24], the preser-
vation of temporal coherence and operation stability are
still not clear in hard X-ray region. These shortcomings
of previous methods are the obstacles to further enhance
photon flux by tapering technique.
In order to further improve the XFEL performances
by undulator tapering, according to the conventional
oscillator-amplifier configuration in laser community, a
robust X-ray source which served as a seed is crucial. It
is straightforward to take X-ray FEL oscillator (XFELO)
output as a high qualified stable seed source and to be
amplified in the following FEL amplifier [25]. Utilizing
relativistic electron beam as gain medium and crystals as
optical cavity mirrors, XFELO starts from spontaneous
radiation and generates stable, high repetition rate, fully
coherent X-ray pulses, which are promising candidates
for seeding FEL [26, 27]. In this paper, a novel and sim-
ple FEL amplifier seeded by XFELO is proposed by us-
ing a chirped electron beam. In this scheme, with the
right choice of the beam parameters, only the bunch tail
lases inside the XFELO. After over energy modulation by
X-ray pulse in the cavity, the degenerate electron beam
passes through a chicane delay, and then the bunch head
overlaps with the output XFELO pulse in the follow-
ing FEL amplifier with tapered undulators, where more
power is drawn from the electron beam, substantially in-
creases the photon flux. The stable coherent seeds from
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2oscillator ensure high efficiency of tapering technique,
and according to the simulation results, nearly terawatt
level, ultrahigh brightness, highly stable X-ray pulses can
be delivered, which is an ideal light source for scientific
users.
Using the parameters of Shanghai Coherent Light Fa-
cility (SCLF) as an example [28], we show that XFELO
seeded amplifier is able to significantly enhance FEL peak
power, spectral brightness as well as output power sta-
bility. It is believed this scheme, which is similar to con-
ventional laser configurations, is quite potential for many
future XFEL user facilities. This paper is organized as
following: the principles of our scheme is presented in
Sec. II. The simulation results at 5 keV photon energy us-
ing a 3 kA flat-top electron beam is illustrated in Sec. III.
The start-to-end simulations on the basis of SCLF are
discussed in Sec. IV and the output power stability anal-
ysis is shown in Sec. V. Finally, a brief conclusion is given
in Sec. VI.
II. THE PRINCIPLES DESCRIPTION
Unlike conventional lasers whose wavelength is limited
by the energy levels of gain materials, XFELO extracts
power from relativistic electron beam, thus the output
photon energy is unbounded theoretically. Taking ad-
vantages of high Bragg reflection crystals demonstrated
recently [29], the X-ray radiation, which starts from spon-
taneous radiation, is trapped inside the resonator and
oscillates back and forth. During each round trip, X-ray
pulse overlaps with electron beam and obtains energy in-
sides the undulator. In order to ensure the growth of
light power, undulator should be long enough to main-
tain sufficient single pass gain, i.e.
R(1 +G) > 1, (1)
where R is the total reflectivity of the crystal mirrors, and
G is the single pass gain. The X-ray radiation is amplified
over and over again and experiences exponential growth
until saturation. In the saturation regime, electron bunch
is over modulated by the high power X-ray which leads to
gain degradation. When the round trip net gain equals to
one, the XFELO reaches equilibrium and produces stable
output X-ray pulses.
Similar to traditional laser, with carefully optimized
electron beam quality, undulator length and cavity out-
put coupling, XFELO is able to deliver stable, high rep-
etition rate, fully coherent X-ray pulses [30, 31]. The
peak power is typically several MW for low peak current
electron beam (∼10A) in the early XFELO proposals
[26, 27, 31, 32], and due to the narrow spectral accep-
tance of the Bragg crystal [33], typically tens of meV,
the average brightness for XFELO output is predicted
to be 2 orders of magnitudes higher than SASE. With
the development of superconducting accelerator technol-
ogy, several kA peak current Linac-based high repetition
rate X-ray FELs are under construction [34, 35], which is
FIG. 1. The schematic of XFELO seeded FEL.
suitable for high current XFELO operation. For a typical
FEL oscillator, the maximum fractional energy extracted
from electron beam is inverse proportion to 1/Nu, where
Nu is the number of undulator periods. For a given sin-
gle pass gain, high peak current means short undulator
length, which is expected to generate X-ray pulse with
peak power nearly GW level. For further enhancing the
peak power, Fig. 1 shows the schematic diagram of high
peak current XFELO supplies a seed laser for subsequent
tapered FEL amplifier. A chicane is applied to displace
the electron beam horizontally to bypass the crystal mir-
ror and to match the delay of X-ray pulse by crystal. The
details of configuration and properties are investigated in
the following.
A. The drawbacks of cavity detune
Since a high peak power FEL amplifier is pursued, only
high peak current electron beam is considered in this pa-
per. In addition, large amount of electrons may drop out
of the “ponderomotive bucket” after interactions with in-
tense X-ray electromagnetic field in the cavity, which will
degrade the tapered FEL efficiency. Thus the beam en-
ergy spread degradation in the previous XFELO must
be avoid, and the faint X-ray pulse inside the cavity is
preferred as long as it dominates over the electron beam
spontaneous radiation. For example, an XFELO out-
put with few MW peak power is sufficient as a seeding to
overcome the shot noise from a typical 1 kA peak current
beam. To control the XFELO power at a certain level,
the simple and straightforward options are fine tuning of
X-ray cavity, e.g., by increasing the output coupling ratio
or by detuning the cavity length.
According to the simulation results, however, afore-
mentioned two approaches are proved to be infeasible.
As the output coupling rises, the decline of net reflec-
tivity causes dissatisfactory of Eq. (1), and the XFELO
output peak power decreases rapidly. The steep fall indi-
cates that generating MW level X-ray signal as a seeding
pulse by increasing cavity output coupling is unpractical.
Since the peak power would either remains shot noise or
grows to GW level, it is hard to operate at an unstable
status. Note that changing mirrors reflectivity finely by
varying crystal thickness is challenging in practical. The
round trips required for XFELO saturation is also plotted
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FIG. 2. A typical 1 kA peak current XFELO output peak
power and saturation round trip number as a function of cav-
ity output coupling.
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FIG. 3. The XFELO output peak power at different cavity
detune.
in Fig. 2, which shows that much more oscillation passes
are required to reach an equilibrium status around the
critical output coupling. The fine detuning of the cavity
length is also infeasible, according to Fig. 3, due to the
dramatically growth and decline of output peak power
from the optimum synchronization. In order to obtain
and maintain a suitable MW output peak power, cav-
ity length control system with nm resolution is required.
And any jitter and vibration of cavity mirrors will lead
large output power fluctuation and undermines the fol-
lowing tapered FEL amplifier.
B. The chirped-beam XFELO
According to the previous results and discussions, the
alternative strategies of using XFELO output as a seed-
ing is the subsequent FEL amplifier would be using twin
bunch lasing [36] or recently developed fresh-slice tech-
nique [37], which however require relatively complicated
machine setup and additional accelerator hardware com-
ponents. In this paper, however, a simpler chirped-beam
XFELO scheme is proposed for preserving energy spread
of part of electron beam while getting enough seed radi-
ation from the other part. Schematic for optimization of
a 3 kA peak current chirped-beam for XFELO is demon-
strated in Fig. 4. Assuming that single pass gain of 50%
is needed for compensating round trip loss and output
coupling. In order to guarantee only the bunch tail lases
in XFELO, the electron energy of the beam center is
set corresponding to 50% single pass gain, while the 1/4
point at the bunch tail obtains the maximum single pass
gain. Thus the optimized electron energy chirp is
α =
∆γ/γ0
∆l/Lb
= 4
γ1/2 − γ1/4
γ0
, (2)
where γ0 is the resonant electron energy measured in rest
mass units, Lb is the length of electron beam and ∆l is
the length deviation corresponding to ∆γ energy detune,
and γ1/4, γ1/2 represent the electron energy at the 1/4
and 1/2 points. Note that an electron beam with both
positive chirp (blue ellipse) and negative chirp (pink el-
lipse) can be used for the XFELO seeded FEL amplifier.
The effect of linear chirp on FEL gain is equivalent to
the linear tapered undulator, and thus the beam energy
chirp could be compensated with the linear undulator
taper and thus optimize the following amplification.
C. Tapered FEL amplifier
Tapered undulator technique is well-known for the ca-
pability of maintain resonant condition after FEL satura-
tion, thus improving the energy extraction efficiency. In
practice, however, it is hard to generate ultra-high peak
power X-ray pulses as estimated by simulations. As far
as we know, one of the main reasons is lack of suitable
seed radiation from previous undulators.
On the one hand, SASE starts from electron initial
random density fluctuations, and is known to possess
poorly longitudinal coherence, thus unstable generation
of parasitic radiation with different frequency from the
signal would occur [10], which causes the degeneration
of tapered amplifier performance. On the other hand,
self-seeding scheme is able to generate X-ray pulses with
narrow bandwidth, however, nearly twice as much as un-
dulator periods are required comparing to SASE, and
more undulators might be necessary for further improv-
ing the pulse energy by tapering technique. In addition,
the narrow acceptance of Bragg crystal diffraction for a
4FIG. 4. The schematic of 3 kA peak current XFELO single
pass gain (red solid line) and optimized chirped-beam. As-
suming that 50% gain is necessary, and the 1/4 bunch tail
point corresponds to the maximum single pass gain, while
the central point relates to 50% single pass gain. Thus only
bunch tail gets enough gain to compensate the round trip
net loss, while bunch head does not lase inside the XFELO.
The blue and pink ellipses represent the positive and negative
chirped-beam, respectively.
broad bandwidth SASE from upstream undulators leads
to large shot-to-shot self-seeding pulse energy fluctua-
tions, and matching the tapered undulators configura-
tions for each individual shot is impossible, thus leads
to even larger output pulse energy fluctuations. Further-
more, the relatively small seed signal after self-seeding,
which means small “ponderomotive bucket” height, com-
bines with large energy spread might cause portions of
electron escaping from bucket and further degradation of
tapered FEL amplifier.
For the chirped-beam XFELO seeded FEL proposed
in this paper, a fully coherent, high peak power stable
X-ray seed radiation from XFELO is benefit for the fol-
lowing tapered amplifier. And the degenerate portions of
lasing electron beam is replaced by another fresh parts
of bunch, thus ensures a small energy spread. To elimi-
nate the influence of phase mismatching of tapered FEL
amplifier, the undulators without break sections are em-
ployed in simulations. The time-dependent results in the
following sections proved that it is feasible to generate
high brightness X-ray pulses with considerable stability.
III. TIME-DEPENDENT SIMULATION
To illustrate the main principles of XFELO seeded
FEL, the normal parameters of SCLF are employed.
SCLF is the first hard X-ray FEL facility in China which
is now under conceptual design, and the major parame-
ters of electron beam and undulators are summarized in
Table. I. SCLF takes advantages of superconducting ac-
celerator technique which is capable of delivering nearly
1 MHz high repetition rate relativistic electron bunches.
TABLE I. The main parameters of SCLF.
Parameter Value Unit
Beam energy 8 GeV
Slice relative energy spread 0.01 %
Normalized emittance 0.4 µm-rad
Repetition rate 1 MHz
Peak current 3 kA
Bunch charge 100 pC
Undulator period 26 mm
Total undulator length 200 m
The combination of high brightness electron beam and
200 m length undulators are suitable for XFELO seeded
FEL amplifier. The simulations are specially carried out
at 5 keV X-ray photons, due to the production of high
peak power and short temporal duration FEL radiation
at that wavelength is of great interests for single-particle
imaging and coherent diffraction imaging experiments.
For the benefits of improving tapering efficiency, high
intensity (∼3 kA) flat-top current with bunch charge
equals to 100 pC electron beam is used. The short elec-
tron bunch temporal duration corresponds to a broad
spectral bandwidth (especially for XFELO seeded FEL
in which only half of electron beam is lasing), and in order
to avoid excessive cavity loss due to crystal mirror nar-
row bandwidth acceptance [33], the (1 1 1) atom plane of
diamond crystal with incident angle θ = 36.9◦ is chosen
to obtain a 324 meV Darwin bandwidth. A 300 m round
trip length optical cavity and one module of undulator
with 200 periods is used for matching the electron beam
repetition rate and providing enough XFELO single pass
gain.
The performances of XFELO seeded FEL are simu-
lated by the combination of GENESIS [38] and OPC
[39]. The evolution of XFELO radiation pulse energy
is shown in Fig. 5(a), which experiences an exponential
growth as expected and generates 206 µJ X-ray in the
saturation regime. With the optimized electron energy
chirp α = 6.1×10−3, only the bunch tail, which provides
enough FEL gain, contributes to effective FEL interac-
tion as well as induced significant energy spread enhance-
ment. Due to the spectral purification of crystal mirror
Bragg diffraction, the output spectral bandwidth is 212.5
meV (FWHM).
As aforementioned, a chicane bypass is adjusted to pro-
vide proper delay to let the bunch head overlaps with the
XFELO radiation and to wash out the XFELO-induced
microbunching. Quadratic tapering model is chosen and
carefully optimized to obtain maximum pulse energy for
subsequent nearly 180 m length tapered FEL amplifier.
The second row of the panel shows that the amplifier is
able to generate 7.9 mJ pulse energy with 0.92 TW peak
power, 586 meV (FWHM) spectral bandwidth and 14 fs
(FWHM) pulse duration. This corresponds to a time-
bandwidth product of 2, which is larger than the value
of Fourier transform limit (0.44) for Gaussian pulse pro-
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FIG. 5. The performance of 3 kA peak current flat-top electron beam for XFELO with 18% crystal mirror output coupling,
and for tapered FEL amplifier. The top row of panel shows (a) output pulse energy, (b) power profile (red solid line) and
beam energy spread (green dashed line), (c) spectrum for XFELO, while the bottom row of panel (d),(e) and (f) display the
corresponding results for tapered FEL amplifier.
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FIG. 6. The electrons distribution in phase space (a) and the corresponding current profile (b).
file and is mainly due to the chirped electron beam we
used.
IV. START-TO-END SIMULATION OF SCLF
The performances of XFELO seeded FEL are inves-
tigated by start-to-end simulations of SCLF. The elec-
tron beam dynamics simulation in the photon-injector
is carried out by ASTRA [40] with space charge effects
taken into account. ELEGANT [41] is then used for sim-
ulation in the reminder of Linac. For pursuing shorter
gain length of SASE FEL, the electrons are accelerated
off-crest in the superconducting Linac and possess large
energy chirp, then the bunch is compressed longitudi-
nally inside a chicane compressor to obtain high peak
current. In order to achieve high efficient lasing of high-
gain FELs, the residual energy chirp compensation is of
paramount importance and several techniques are avail-
able for reaching this goal, i.e., off-crest dechirping and
passively dechirping through Linac cavity wakefield. For
SCLF using low-frequency superconducting technology,
however, the wakefield is too weak to remove the residual
chirp, and actively dechirping by running the beam off-
crest in a Linac is an inefficient and costly option. Thus
SCLF takes advantages of an inexpensive 12 m length
corrugated pipe as a beam dechirper [42–44].
In this paper, however, the introduced chirp is used for
XFELO seeded FEL operation strictly without further
chirp removal devices. The phase space electrons distri-
bution (a) and the corresponding current profile (b) are
presented in Fig. 6. For a given chirp α = 1.3 × 10−3,
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FIG. 7. The performance of real electron beam for XFELO with the 33% crystal mirror output coupling, and for tapered FEL
amplifier. The top row of panel shows (a) output pulse energy, (b) power profile (red solid line) and beam energy spread (green
dashed line), (c) spectrum for XFELO, while the bottom row of panel (d), (e), (f) display the corresponding results for tapered
FEL amplifier.
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FIG. 8. The output radiation of (a) XFELO and (b) tapered FEL amplifier. The gray lines refer to 100 runs with 10−4 rms
beam energy jitter, and red line is the average value. Subfigure (c) shows the rms of output energy with different rms beam
energy jitter.
using the strategies mentioned above, the thickness of
diamond crystal is adjusted to obtain 33% output cou-
pling for single segment undulator XFELO simulations.
The natural “double-horn” of electron beam is proved to
be quite suitable for our scheme, since one horn is las-
ing inside the XFELO while the other is well-preserved
for lasing in FEL amplifier. The energy chirp required is
for the head horn to be outside the gain bandwidth while
the tail horn corresponding to maximum single pass gain,
and the influence of small current between them could
be ignored, thus leads to relative small optimized energy
chirp. In addition, the large energy spread of the “double
horn” current is not as harmful to XFELO seeded FEL
as self-seeding scheme, since neither the XFELO, which
works in the small signal regime, nor the tapered FEL
amplifier is sensitive to electron beam energy spread.
The simulation results of XFELO and tapered FEL
amplifier for 5 keV photons are shown in the upper
and bottom row of Fig. 7, which demonstrate that
the tail horn produces a nearly 190 µJ, 14.5 GW
XFELO output, with 0.3 eV (FWHM) spectral band-
width. The energy spread corresponding to the bunch
tail increases, while the bunch head remains unchanged.
The XFELO output is amplified to 3.8 mJ, 0.55 TW,
with 0.66 eV (FWHM) spectral bandwidth and 5.5 fs
(FWHM) temporal duration. This corresponds to a time-
bandwidth product of 0.88, which is twice the value of
Fourier transform limit (0.44) for Gaussian pulse pro-
file. Due to the relatively small bunch energy chirp
as well as short radiation duration, the output pulse
longitudinal coherence is better than the flat-top cur-
rent case mentioned above. XFELO seeded FEL is
7able to generate 5 keV X-ray photons with 3.35 ×
1035 (photons/s/mm2/mrad2/0.1%BW ) peak brilliance,
which is two order of magnitude larger than SASE FEL
brilliance 1.1× 1033 (photons/s/mm2/mrad2/0.1%BW )
produced by the same electron and undulator parame-
ters.
V. OUTPUT ENERGY STABILITY
To illustrate the stability of XFELO seeded FEL in
real machine, 100 start-to-end runs are carried out for
each electron beam energy jitter rms value. The results
of XFELO (a) and tapered amplifier (b) with rms equals
to 10−4 are shown in Fig. 8. The gray lines refer to 100
runs and the red line is the average value of them. The
results are summarized in Fig. 8(c), which indicates that
with the normal 10−4 rms beam energy jitter in SCLF,
XFELO seeded FEL is able to generate high brightness
X-ray pulse with fluctuations as low as 3%. Note that
the final output is more resistant to bunch energy jitter
than XFELO, further analysis reveals that this is due to
the relatively broader gain bandwidth of tapered FEL
amplifier in respect XFELO in our simulations.
VI. CONCLUSION
The chirped-beam XFELO seeded FEL is a novel strat-
egy to generate high pulse energy, fully coherent X-ray
beam. The XFELO output provides a fully coherent,
high power, stable seed radiation, which means a favor-
able “bucket” to trap electrons in phase space and to
maintain consistent energy extraction in tapered FEL
amplifier. The chirped beam is optimized for ensuring
the bunch tail lases effectively in XFELO while the bunch
head is preserved for following tapered FEL amplifier. It
is demonstrated that with optimized parameters, the new
scheme is able to generate a few mJ, TW level fully co-
herent 5 keV X-ray radiation.
Taking advantages of the natural remnant energy
chirp after chicane compressor, a start-to-end simula-
tion is conducted using the basic parameters in SCLF.
The “double horn” current is proved to be suitable
for XFELO seeded FEL operation. Simulation results
demonstrate that the new scheme is able to generate 3.8
mJ pulse energy, 0.55 TW peak power, 5 keV photon en-
ergy X-ray pulses whose peak brilliance is two order of
magnitude larger than SASE FEL. In addition, XFELO
seeded FEL output is quite stable, rms pulse energy fluc-
tuation is as small as 3% for a typical 10−4 rms electron
beam energy jitter. The ideal X-ray light source is ex-
pected to be valuable for some special experiments, i.e.,
X-ray single-shot diffraction imaging and coherent scat-
tering techniques, which require high spectral brightness.
The following work would be to analyze the influence of
bandwidth of seeding radiation on its performances as
well as the gain bandwidth of tapered FEL amplifier.
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